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Geological setting and bulk analyses of shale samples
All five shale samples (UK-1 to UK-5) are from West Yorkshire in the UK, but belong to three different geologic settings (Table S1 ). (1) (2) Samples UK-1 and UK-2 are from the Upper Carboniferous, samples UK-3 and UK4 from the Lower Jurassic, and sample UK-5 is from the Upper Cretaceous. All five shales were deposited in shallow shelf seas in a stratified water column below the storm wave base. All formed in a setting with anoxic waters above the sediment-water interface and oxygenated waters near the surface and at water depths of between 200 to 400 meters. (3) (4) (5) Overall, in many settings shales have been identified as the most important source of Se in the environment derived through their weathering. (6) This is in part due to their high organic carbon (2-10%) and sulfide content (1-20% mainly as pyrite).
In addition, shales contain variable amounts of silicate minerals (primarily clays, feldspars and quartz), and smaller amounts of carbonates (7) (8) or sulfates. (6, (9) (10) Figure S1 Twelve Se K-edge µ-XANES raw scans collected at POI 4.2 (see Table S3 below)
showing no signs of oxidation or reduction. Attempts were made in analysing other samples from this study but they were unsuccessful as the concentration of Se was not high enough to provide quality of data. b Jump edge= absorption length c Intended to collect 16 scans but these 3 showed a diffraction peak Table S4 shows the composition of the samples (and standards) measured by bulk XRF. Analyses were performed using an ARL 9400 wavelength dispersive, sequential X-ray fluorescence spectrometer (XRF) with an Rh tube (School of Geosciences, University of Edinburgh). The standard reference materials BHVO-1 and MAG-1 were also analysed in duplicate to evaluate the quality of the measurements. The Fe 2 O 3 content in all samples varied between ~2 and ~6% and CaO was typically < ~ 2% except for sample UK-5 with 35%. This sample also had the highest total C content (8.7% -see Table S4 below) reflecting the abundance of calcite in this sample as confirmed by XRD ( Table S5 ). The total SiO 2 contents indicate a fairly low proportion of quartz in these samples as also confirmed by the quantitative XRD analyses Table S5 . Table S5 shows the main minerals present in the samples with representative XRD patterns of samples (UK-2) in the insert panel. All samples contained kaolinite, quartz, feldspars, pyrite and illite-smectite but sample UK-5 revealed a high proportion of calcite matching the bulk XRF analyses (Table S4) . In contrast to all other samples in sample UK-5 no pyrite could be identified.
Elemental composition
Mineralogical composition
All samples were analysed as homogenized powders (<53µm) using a Phillips PW1050 X-ray diffractometer with a Cu tube (Cu Kα radiation) and a graphite monochromator. Patterns were collected in the 2-theta range from 5 to 70º with a 0.02º step size and a 1º/min sampling time. The mineralogical composition (i.e., relative percentage of phases) was quantified using Rietveld refinement and the software package Topas; v.4.2 (copyright 1999-2009 Bruker AXS).
Table S5
Quantitative mineralogical composition of the shale samples normalized to 100% as derived from Rietveld refinement of the XRD spectra between 9-70 2-Theta degrees. Diffraction features below 9 2-Theta degrees were assigned to 2:1 intergrade clays but they were not included in the refinement. The Rietveld refinement plots are in Figure S2 . 
Bulk characterisation
For the total bulk Se analyses, the samples were fully digested using a microwave assisted reaction system (MARS). The digestion used concentrated nitric acid, hydrofluoric acid and hydrogen peroxide mix. The MARS was run at a power of 840W, a pressure of 350 PSI and a ramp of 10 minutes to reach 180ºC. The temperature was held for 10 minutes to completely digest the powered samples (≤152µm). Quality of the digestion method and analyses was controlled with the inclusion of a reference material (PACS-1). The derived solutions were analysed using hydride generation graphite furnace (Hydrea) absorption spectroscopy (HG-AAS; High Resolution Continuum Source, ContrAA 700 Analytik Jena). The analyses were performed with a precision <8% using 7 replicates of digestion and 3 replicates of measurement. The reference material yielded a mean value for concentration of 1.07µg/g and the certified value is 1.09µg/g. Total C and S were measured directly by elemental analysis (isotope ratio mass spectrometry/EA-IRMS; Euro EA3000-Micromass Isoprime Eurovector, Milan). Reduced inorganic sulfur was determined by chromous chloride reduction following the methods of Newton et al. (11) Total organic carbon (TOC) was measured by elemental analysis with isotope ratio mass spectrometry (EA-IRMS) after removal of carbonates with HCl. Table S6 compiles the total digest results for bulk Se, as well as the analyses for S and C in all five samples. The bulk Se concentrations varied between 0.83 and 9.77µg/g, while the total reduced inorganic sulfur varied between 1.28 and 2.75%, which represents in most cases ~ 50-70% of the total sulfur in the sample. Sample UK -5 contained no inorganic reduce sulfur, thus confirming the absence of pyrite or other reduced sulfides as suggested by the XRD analyses above (Table S5 ). Note the high total carbon content in sample UK-5, confirming the high % of calcite in this sample (Table S5) Table S7 shows the trace element concentrations determined by a near total microwave digestion (HF-HClO 4 -HNO 3 -HCl) and quantification using an inductively coupled plasma mass spectrometer (ICP-MS, Perkin Elmer Sciex ELAN instrument) carried out by Activation Laboratories Ltd (ActLabs -Canada). The digestion and analyses followed the protocols established by Actlabs, namely sample digestion using the acid mixture with controlled heating until dryness, then re-solubilisation with HCl/HNO 3. The quality of the analyses was evaluated with five standard reference materials (GXR-1, GXR-4, GXR-2, GXR-6 -USGS) for the digestion and measurement processes.
Trace elements analyses
Sample UK-2 showed higher Mn, Cu and As concentrations than the other samples. The Mn contents may reflect an association of Mn with aluminosilicate/ clay minerals inferred to be present from the major element analyses above; Cu and As could be associated with the organic matter or the pyrite in this sample. (12) Elements that gave values close to the certified values are shaded; elements that differ in some cases by between 20 and 40% from the certified values are shown in white. Spearman correlations were significant at the 0.05 level (2-tailed) using enrichment factors, which were calculated as (Element/Al)/(Element/Al) shale. (12) Figure S3 illustrates the measured Se distribution using the two operationally defined protocols for Se extraction. Protocol A (Top: Kulp and Pratt, modified) (13) and Protocol B (Bottom: Lussier et al. (14) ). A detailed description of these protocols is described in Matamoros et al. (15) The chromous chloride reduction allowed differentiation of Se between the organic matter and sulfides (Figure S4) . The comparison between the Se associated with organic matter and sulfides in all extraction protocols shows that between 20% and 75% of the bulk Se was associated with the sulfides. A detailed description of these protocols is given in Matamoros et al. (15) To determine the Se concentration in the residual fractions of each protocol a full digestion of this fraction, using the same approach as applied to the bulk sample above (MARS) was applied. The resulting solutions from each extraction step were analysed for Se concentrations by hydride generation graphite furnace atomic absorption spectroscopy (HF-AAS). Triplicates for each sample and standards were run and a QC sample was included every 10 samples. 
Sequential extractions and total digestion in the residual fraction
Se concentrations in individual pyrite grains evaluated by electron microprobe analysis (EMPA)
The morphologies of individual sulfide grains (both euhedral and framboidal) were imaged with a CamScan Series 4 Scan electron microscope fitted with an Oxford Microanalysis Xray energy dispersive system (EDX) operated at 20kV and 50nA. After identification and assessment of the predominant types of sulfide morphology, we analysed Se concentrations in pyrite grains and at a few control points on the silicate and organic matrices. The electron microprobe analyses were performed using a Cameca SX-50 electron microprobe, fitted with three X-ray wavelength dispersive spectrometers and operated at 20kV and 50nA. Counts were 120s for Se on peak and 60s at each of two background positions.
Overall, the concentration of Se in individually analysed pyrite grains (regardless whether framboidal or euhedral, Table S8 ) was typically ~ 1-3 orders of magnitude higher than the measured bulk concentration in the same sample. This was true even when taking into consideration the fact that the EMPA analyses are semi-quantitative, and that in some cases the absolute Se concentration values may have been affected by matrix effects. The Fe and S analyses revealed in all cases a Fe:S ratio close to pyrite of 1:2. However, based on the Si concentrations also analysed at each point, a maximum 7% contribution of Si to the total analyses was found in a few of the analysed pyrite grains. This was in contrast to the average of ~ 30% Si measured when analyses were carried out on silicates in the matrix. No data for UK-5 as this sample does not contain pyrite (Table S5 and Table S6 ).
Beamline set up and data processing
The optical scheme for beamline I18 consists of three sets of mirrors and a liquid nitrogen-cooled double crystal monochromator composed of two sets of silicon crystals [Si(111) and Si(311)]. The station is equipped with a 9-element solid-state detector optimised for energies above 5 keV. The monochromator energy was calibrated with Au foil before all measurements and after the first calibration the K-edge energy for trigonal Se(0) was determined to be 12650 eV. We note this is less that the tabulated value for Se(0) (12658 eV), (16) and all our data were thus shifted by 8 eV to calibrate with the theoretical value. The accuracy of the monochromator was ±0.1 eV.
To be able to quantify the oxidation state of Se in the analysed POI, we collected µ- and selenourea (C=Se). Standards were diluted to 6 % Se using boron nitride and pressed into pellets. XAS information (2 scans) from the standards was collected in transmission mode, whereas samples were measured as polished thin sections in flourescence mode.
We processed the µ-XRF data using the software PyMCA (17) for background correction and to produce quantitative elemental maps. We used the software package SMAK (18) to extract fluorescence data and to construct elemental correlation plots. For analysis of the µ-XANES spectra, we calibrated, averaged multiple spectra collected at each POI, normalized and plotted our data using ATHENA, (19) PySpline v1.3 (20) and Origin Pro v8
(copyright 1991-1998 Origin Lab Corporation). µ-XANES sample spectra were compared to the XANES of the standards taking as reference the inflection point of the first derivative, the position of the white line peak at the absorption rate, and the feature "A" or second absorption peak. The spectra and standards were compared using the inflection point of the first derivative, the position of the white line peak at the absorption edge and the second peak of the XANES oscillations as reference. We extracted the µ-EXAFS sample spectra using the AUTOBK algorithm implemented in ATHENA (19) and then we made attempts to fit the spectra to Se coordination environments as found in seleno-L-cysteine, selenium sulfide, elemental selenium, pyrite and ferroselite (FeSe 2 ) using ARTEMIS (18) which implements the FEFF8 and IFEFFIT codes. (19) EXAFS goodness of fit was assessed using the reduced Chi 2 and the R-factor. (21) 
µ-XANES analyses
Table S10 and Figure S7 (left side) show the Se K-edge absorption energies (at the inflection point and white line) and the µ-XANES spectra for the standards, respectively.
Looking at the variation in the edges of the Se(-II, 0) inorganic species in Figure S7 , it is evident that the XANES edge positions and spectral shapes depend not only on Se oxidation state, but also on the chemical environment of Se: including coordination chemistry (i.e., trigonal, cubic), crystalline vs. aqueous forms, different allotropes and resultant multiple scattering effects. (22) In a similar manner to the inorganic standards, Se(-II) in the organic species can be differentiated using the same criteria (i.e., first inflection point, main edge position and additional features like a second characteristic peak, Figure S7 ).
With increasing Se electron valance (from VI to -II) the intensity of the main peak is clearly reduced, reflecting the population of the valence 4p levels. (22) In addition, the edge position is shifted to lower energies (i.e., first inflection point of Se(VI) at 12665.4eV and Se(0) at 12658.0eV), reflecting the change in effective nuclear charge. (22) The edge positions, for for comparison (Table S10 and Figure S7 ). It should be noted that the XAS analysis conditions in the Ryser et al. (23) study were different to the current study and thus their ferroselite spectrum is most likely shifted in edge energy compared to those here. However, differing analysis conditions will not alter the overall spectral fingerprint of the XANES and EXAFS regions and therefore the Ryser ferroselite spectrum constitutes a satisfactory reference spectra for Se(-I).
The plots on the right in Figure S7 show the Se K-edge EXAFS oscillations (χk*k3) of the standards as a function of the photoelectron wavenumber (1/Å). These, in addition to the XANES spectra, were also used to fingerprint the Se chemical coordination environment in the samples (i.e., coordination numbers and bond lengths). S8 . Se K-edge XANES of additional POI analysed in the 5 different mapped areas. All the spectra showed very similar fingerprints with almost identical inflection points and positions of the white lines (where the uncertainty of the data in the XANES region was 0.4 eV). Because of this, and the fact that the Se(-II) sulphide and elemental Se(0) standards are also very similar, it was not possible to differentiate between Se(-II) and Se(0) in POIa and POIb.
Se K-edge EXAFS spectral evaluation procedure.
We fitted the spectra for POIa and POIb (main manuscript Figure 3 ) in multiple k weightings over 3 -9 Å -1 and 4 -10 Å -1 , respectively. For POIa euhedral the region in k-space between 9 and 11 Å -1 was not included in the fitting procedure as the signal-to-noise ratio was poor.
In the light of our µ-XANES results, several efforts were made to fit the sample spectra to Se coordination environments similar to those in seleno-L-cysteine, selenium sulfide, elemental selenium and ferroselite. Initially, we tried to fit the first shell of the experimental µ-EXAFS data to models using crystallographic distances for S-C bonds as in seleno-L-cysteine, Se-Se bonds as in elemental Se, and Se-S bond as in selenium sulfide. The spectra could not be fitted with Se-C bonds not even by adjusting σ 2 in the FT, indicating that carbon was unlikely to be the closest neighbouring atom. We carried out other tests using average bond distances for Se-Se in monoclinic Se (i.e., Se-Se= ~2.2Å, Se-Se= 2.5Å and Se-S= ~3.7Å). (24) After adjusting the coordination numbers and σ 2 in the Fourier transform, the spectra visually fit to this theoretical model. However, after refining the σ2 converged into negative values and energy shifted far off indicating an utterly wrong model for the experimental data. After reducing our possibilities to fit the data to the few options given by µ-XANES and the standards, we tried to fit the µ-EXAFS data by using the bond distances for Se-Fe and Se-S bond distances as we knew from µ-XANES data that Se was in a reduced oxidation state (either Se(-I) or Se(-II)). Trials were not straightforward as a single path did not contribute to a single peak in the FT and it was realised the need to fit more than one path in this system using either S or Fe as Ryser et al. (23) also have used. In the process, we tried to the µEXAFS data to the model of ferroselite (FeSe 2 ), pyrite (FeS 2 ) (26) and even marcasite (26) but attempts to the last one were not successful. We did not try dzharkenite (FeS 2 with Se-Se=2.28 Å reported by Ryser et al.) (23) because from our first trials Se was not the closest neighbouring atom. Therefore, we then tried fitting the µ-EXAFS data to the theoretical single scattering paths of ferroselite (FeSe 2 ) (25) and pyrite (FeS 2 ) (26) .
To do this we calculated the theoretical single (SS) and multiple scattering (MS) paths for the ferroselite and pyrite structures using ATOMS and FEFF in ARTEMIS. (19) We substituted the absorbing atom from sulfur to Se in the calculation of the paths for the pyrite structure.
We considered SS and MS paths during the fit tests. However, because of the small contribution of the MS paths within the k-ranges fitted, we only included SS paths in the fits.
For all paths we fixed the amplitude parameter (S 0 2 ) to 1 (23) and constrained the energy shift (∆E 0 ) to be the same, the isotropic expansion coefficient (α) and the disorder parameter in the distribution of inter-atomic distances (σ 2 ) were set as the fitting parameters.
Despite these efforts the attempts we made to fit the µ-EXAFS spectra of the POIa euhedral to ferroselite were unsuccessful. Instead these data were fit to the first three 2-leg theoretical SS paths (Se-S=2.18Å, Se-Fe=2.26Å and Se-S=3.07Å) of the pyrite structure including Se as the absorber atom. We initially also included the fourth 2-leg theoretical SS path (Se-S=3.32Å), however it yielded a very large EXAFS σ 2 in the fit and was subsequently discounted. We replaced sulfur with Se in this path with a degeneracy of 6 (as per the theoretical Se-S path) and obtained a better fit, however the best fit was achieved with a degeneracy of 1. The first two SS paths (Se-S and Se-Fe) mutually contributed to the first peak of the Fourier transform, overlapping each other, and the last two paths (Se-S and Se-Se) contributed similarly to the second peak.
Similarly, we tried to fit the POIb framboidal µ-EXAFS data using the same theoretical model as above, however the first SS path Se-S (2.18Å) was completely out of position with the first peak in the Fourier transform. We obtained a better fit using four paths of the theoretical structure of ferroselite (Se-Fe=2.35Å, Se-Fe=2.38Å, Se-Se=3.40Å, Se-Se=3.58Å) (25) and one path of the pyrite structure (Se-S=3.07Å). (26) We increased the degeneracy of the Se-Se3 path at 3.58Å to 6 instead of 2, where 2 is the calculated path using the theoretical crystal structure. The Se-S path included in the fit considerably reduced χ 2 . The EXAFS σ 2 of the fit were between 0.002 and 0.009 (Å 2 ), which are within the range of expected values. (21) In general, the two fits improved considerably by the addition of every path, with each path addition significantly decreasing the reduced χ 2 and the R-factor. (27) In addition, we fitted the spectra for both POI in multiple k weightings over 3 -8.5 Å -1 (POIa) and 4 -8.5 Å -1 (POIb) to test our fit results when excluding noisy data at high k. On freely refining the fit parameters we found that the distances and Debye-Waller factors were essentially unchanged, indicating comparable Se molecular environments as those shown in Table 3 and Figure 3 in the manuscript, with somewhat improved fit statistics as to be expected (POIa R-factor 0.022, reduced χ 2 94; POIb R-factor 0.017, reduced χ 2 118). Figure S10 presents the averaged k3-weighted of the spectra for POIa, POIb and synthetic ferroselite from Ryser et al. (23) The spectra are not identical but they show oscillations in phase between 3 and 9 wavenumbers, there are few differences also represented in the fit. Despite the fact of being ferroselite a synthetic standard, the overall similitude is very good a complex natural sample. Figure S11 shows the contribution of each path included in the fit to the first and second peak of the FT. It is clear that the Se-Fe paths contribute entirely to the first peak whereas the Se-Se paths contribute to the second peak.
The inclusion of Se-S path made the fit far better at the left shoulder of the second peak. 
Thermodynamic approaches for ferroselite formation.
Using the up to date thermodynamic data for Se species in the geochemical modelling programme Geochemists Workbench (28) , we constructed Eh-pH diagrams of Se species in the system Fe-S-Se-H 2 O including ferroselite, FeSe, elemental Se and other aqueous Se species.
The results suggest that at a very low oxidation potential, in the presence of both S and Fe, pyrite occurs over a wide range of pH (between 2 and 14 -left plot). However, when introducing elemental Se into the system, ferroselite (FeSe 2 ) co-exists with pyrite at low oxidation potentials (Figure S12, right plot) . This indicates that elemental Se has to be reduced, and as it becomes less oxidized it combines with dissolved Fe +2 forming ferroselite (right). In addition, the diagrams reveal that at more alkaline conditions and very low oxidation potential Se can become stable as an FeSe species. However, even a slight change in redox conditions or pH would lead to the precipitation of FeSe 2 or oxidation of the FeSe to elemental Se or dissolution and Se release. 
